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Abstract. We present a detailed analysis of the proper- 
ties of warps and tidally-triggered perturbations perpen- 
dicular to the plane of 47 interacting/merging edge-on spi- 
ral galaxies. The derived parameters are compared with 
those obtained for a sample of 61 non-interacting edge-on 
spirals. The entire optical (i?-band) sample used for this 
study was presented in two previous papers. We find that 
the scale height of disks in the interacting/merging sam- 
ple is characterized by perturbations on both large (~ disk 
cut-off radius) and short (~ zq) scales, with amplitudes of 
the order of 280 pc and 130 pc on average, respectively. 
The size of these large (short) -scale instabilities corre- 
sponds to 14% (6%) of the mean disk scale height. This 
is a factor of 2 (1.5) larger than the value found for non- 
interacting galaxies. A hallmark of nearly all tidally dis- 
torted disks is a scale height that increases systematically 
with radial distance. The frequent occurrence and the sig- 
nificantly larger size of these gradients indicate that disk 
asymmetries on large scales are a common and persistent 
phenomenon, while local disturbances and bending insta- 
bilities decline on shorter timescales. Nearly all (93%) of 
the interacting/merging and 45% of the non-interacting 
galaxies studied are noticeably warped. Warps of inter- 
acting/merging galaxies are w 2.5 times larger on average 
than those observed in the non-interacting sample, with 
sizes of the order of 340 pc and 140 pc, respectively. This 
indicates that tidal distortions do considerably contribute 
to the formation and size of warps. However, they cannot 
entirely explain the frequent occurrence of warped disks. 
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1. Introduction 

The vertical structure of galactic disks seen nearly edge-on 
and, in particular, the behaviour of the disk scale height 
with galactocentric distance is a major source of infor- 
mation on disk properties, such as their global and local 
stability, the secular evolution of their stellar population 
as well as the vertical heating process. Until recently most 
observational results indicated that the constancy of the 
scale height over the whole radial extent is a fundamental 
property of galactic disks (van der Kruit & Searle 19818,11 
198$ Wainscoat et al. |1989| ; Barnaby & Thronson p"992D . 
This result was consistent with the theoretical picture 
of continuously heated disk star s by massive mole cular 
clouds (Spitzer & Schwarzschild 1951 ; Binney 1981 ) and 
with the assumption that at all times the star formation 
rate is pro portio nal to the number density of molecular 
clouds (Fall 1980J ). Hence, also the vertical velocity disper- 
sion of the disk stars should exponentially decrease with 
radial distance. 

Although the overall constancy of the scale height of 
galactic disks was confirmed thereafter by several stud- 
ies in the optical and near-infrared, the derived constancy 
levels differ significantly from each other. While Shaw & 
Gilmore (199C) found that the intrinsic variation of the 
disk scale height along the major axis of a galaxy is typ- 
ically within 3% of its mean value, de Grijs & van der 
Kruit ( 1996 ) obtained a value between 10% — 15 % for 
Sc an d later type galaxies. Reshetnikov & Combes ( |l996[ , 



1997 ) have split their galaxy sample into two subsamplcs 



and found a dispersion of 7% for non-interacting galax- 
ies, while the heavily disturbed disks of interacting pairs 
of galaxies (equal mass) possess a dispersion of 11%. Al- 
though this is almost twice compared to non-interacting 
galaxies, their values are still consistent with the above 
mentioned level found for normal galaxies by de Grijs & 
van der Kruit (1996). Furthermore, the results of the lat- 
ter two studies indicate that there is a correlation between 
the radial behaviour of the scale height and environment. 

At present the existing uncertainties cannot be con- 
strained by statistical studies based on a significantly 
larger and thus more reliable galaxy sample. Hence the 



U. Schwarzkopf & R.-J. Dettmar: Properties of tidally-triggered vertical disk perturbations. 



large differences between individual values make it dif- 
ficult to give a coherent interpretation. Considering that 
small variations of the scale height are difficult to measure 
it may be argued that the observed differences are mainly 
due to a combination of several biasing effects such as se- 
lection criteria, the size of the galaxy sample used, or due 
to different disk models applied for fitting the scale height. 
On the other hand, there is some evidence for a physically 
motivated explanation: as a result of a detailed study of 
vertical surface brightn ess pr ofiles of edge-on disk galax- 
ies de Grijs & Peletier ( 1997 ) found that the exponential 
scale height increases with distance along the major axis. 
The effect is strongest for early-type galaxies (increase by 
50% for T = —2), but negligible for the latest-type galax- 
ies (T = 8). Therefore, they concluded that this effect 
might be closely related to the presence of an underlying 
thick disk, with a scale length larger than that of the thin 
disk (with the possibility that thick disks were formed by 
accretion of small satellites or gas clouds). 

Another frequently observed feature of vertical distor- 
tions are warped and bended disks. Various theories have 
been proposed to explain the existence of warps, consid- 
ering either tidal interactions with neighbouring galaxies 



(e.g. Schwarz 1985; Zaritsky & Rix 1997), gravitational ac- 
tion of the halo on the disk (Sparke 1984; Sparke & Caser- 
tano 



erties of other tidally triggered features in the disks such 
as "warps" and "flares" have not yet been investigated. 

Therefore, we use the galaxy sample described in 
SD I+II in order to study the scale height of both non- 
interacting and interacting/merging galaxies in greater de- 
tail. The main questions are: 

— How constant is the disk scale height of interact- 
ing/merging and non-interacting galaxies? 

— Is there a systematic dependence of disk thickness with 
radial distance (scale height gradients)? 

— Do the tidally induced disk perturbations possess a 
typical size and lifetime? 

— Are warped disks restricted to interacting/merging 
galaxies, and what is the typical size of these warps? 

In Sect. 2 of this paper the sample and approach will 
be briefly reviewed. In Sect. 3 we present the results of 
a detailed analysis of the vertical disk structure for both 
non-interacting and interacting/merging galaxies. Finally, 
the results of this paper will be discussed in Sect. 4 and 
summarized in Sect. 5. 

2. Sample and disk fitting procedure 



1988 ) o r inte raction with or accretion of extragalactic g j jy^g sam r)le 



gas (Binney 1992J) . Other possible explanations for gentle 
warps and bende d disk s are intergalactic magnetic fields 
(Batt aner et al. 1990 ) self-gravitation (Pfenniger et al. 



1994 ) , or d iscrete oscillations and bending modes (Sell- 



wood [1996J). 

The results of recentl y con ducted statistical studies 
(Sanchez-Saavedra et al. 1990; Reshetnikov & Combes 



The galaxy sample studied in this paper consists of 
two subsamplcs of 47 interacting/merging and 61 non- 
interacting disk galaxies with morphological types rang- 
ing from — 1 < T < 9. All galaxies of the optical data 
set (passbands R and r) presented here are nearly edge- 
on: 85% with inclinations i > 88°, and 15% with i > 85°. 



1998a) enable to limit the number of different explana- 



Since the whole project (Schwarzkopf 1999 and SD I+II) is 



tions given for warped disks. They conclude that at least 
50% (up to 80% after correction effects) of all observed 
galaxies exhibit warped distortions. Furthernrore, they 
find a strong positive correlation of observed warps with 
the environment, suggesting that tidal interactions have 
a large influence in creating or re-enforcing warped defor- 
mations. In spite of selection biases or identification prob- 
lems (Sanchez-Saavedra et al. 1990 ) the fraction of galax- 
ies possessing warps, particularly that of non-interacting 
galaxies, is unexpectedly high. 

In two previous papers (Schwarzkopf & Dettmar 
2000a, |, hereafter SD I+II) we studied the global prop- 
erties of disks in 110 edge-on spiral galaxies. The sample 
was divided into two subsamples of interacting/merging 
and non-interacting galaxies. We found that galactic disks 
recently affected by tidal interactions and minor mergers 
of the order of Mj at /Afdisk ~ 0.1 statistically possess a 
50% - 60% larger scale height. However, it is still ambigu- 
ous whether this thickening is due to a locally increased 
disk scale height as a result of the vertical perturbations, 
or caused by global disk thickening. Moreover, the prop- 



focused on the influence of interactions and minor mergers 
on the disk structure of spiral galaxies only merging can- 
didates in the mass range M sat /Mdi s k ~ 0.05 — 0.2 were 
included in the sample (mean ratio 0.08 ± 0.035). Both 
subsamples were selected in such a way that selection bi- 
ases, i.e. an uncertain classification of galaxies belonging 
to the interacting or non-interacting sample, are largely 
avoided (SDI, Sect. 2). We have also shown that both the 
distribution of morphological galaxy types and distances 
are statistically indistinguishable for the two subsamples 
(Sect. 2 of SDI+II, resp.). A detailed description of the 
selection criteria, observations, and data reduction as well 
as a complete list of the parameters of all sample galaxies 
and their disk components was given in SDI+II. 

2.2. Approach 

First, the global disk parameters for each individual 
galaxy in the sample were roughly estimated using the 
semi- automated disk fitting procedure described in Sect. 4 
of SDI. These disk parameters are: inclination angle i, 
central luminosity density Lq, cut-off radius i? max , scale 
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length h, scale height zq, and one of the 3 possible vertical 
disk profiles f(z) oc exp, sech, and sech 2 . Since both the 
scale height and the choice of the optimum vertical disk 
profile were still subject of further independent investi- 
gation, we used the previously derived mean value of the 
disk scale height as a starting point for the following verti- 
cal fitting procedure. The obtained raidal disk parameters 
were kept fixed. This is a valid approximation since the 
effects of small (« 10%) variations of vertical disk param- 
eters on radial disk profiles are negligible (SDI, Sect. 4). 
Thus, the only disk parameter that was changed accord- 
ing to the variable scale height was the central luminosity 
density Lq. 

Using these start parameters a fully automatical least- 
square fitting procedure was applied in order to fit the disk 
scale height as a function of the galactocentric distance, 
Zq(R). The fit was performed for all 108 galaxies of the 
total sample, and for each vertical disk model f(z). Due to 
their importance for the subsequent analysis of the vertical 
disk structure the main features of this fitting procedure 
and its output parameters (listed in Table §) are described 
in the following (for an illustration see examples in Figs. 2- 
4 and 6): 

— The scale height was fitted to the vertical disk profiles, 
starting in a region as close as possible to the galac- 
tic plane but outside the strongest dust absorption, 
out to rs 2zq. The radial fit region covers both sides 
of the major axis out to the disk cut-off, and outside 
the bulge-contaminated region. The selection of the fit 
regions (Table fn) depends on the S/N ratio of the indi- 
vidual image as well as on several other factors (dust, 
foreground stars, position of companions, warps, etc.). 

— The mean disk scale height (zo)mcan, given in pc, and 
its standard deviation (zrj)std, given both in pc and 
in percent of (zo)meaiu were estimated. These values 
(average from both disk sides) are listed in Table[|, 
columns (4) and (6), respectively. 

— A possible gradient (or constancy) of the disk scale 
height along the major axis, in the following referred 
to as (zo)grad, was identified by using a 1st order fit 
(average of both sides) on the radial distribution of 
disk scale height. Thus the value (zo)grad is a reliable 
estimate of the behaviour of disk scale height on large 
(« -Rmax) scales (column (5) in Tablc||). 

— The variations of zq around the gradient (zo)grad, i-e. 
an estimate of vertical disk perturbations on short 
scales and hereafter (zo)stdi, were defined as the stan- 
dard deviation of the first order fit to the disk scale 
height: (zo)stdi = std[(z )grad - Zo(R)]- The value 
(-Zo)stdi (average of both disk sides) is given in pc and 
in percent of (zo)mean (column (7) in Table^). 

— The standard deviation around the position found 
for the mean galactic plane, named as "Warping" in 
column (8) of TableQ, was used as an estimate for the 



Table 1. Regions adopted for fitting the disk scale height 
zq. Columns: (1) Sample used for the statistics: total= 
all galaxies (n = 108); non-int.= non-interacting galaxies 
(n = 61); int./merg.= interacting/merging galaxies (n = 
47); (2) Radial region used for the fit (avg. values, given 
in units of disk cut-off radius i? max and disk scale length 
h); (3) Vertical region used for the fit (avg. values, given 
in units of disk scale height z ). 

Sample Radial region of fit Vertical region of fit 



[Rn 



[/,.] 



(1) 




(2) 




(3) 


total 


0.23 - 


- 0.83 0.76 - 


-2.77 


0.11 - 1.81 


non-int. 


0.24- 


- 0.82 0.79 - 


-2.69 


0.08 - 1.95 


int./merg. 


0.21 - 


- 0.83 0.72 - 


-2.85 


0.15- 1.67 



mean amplitude of stellar warps. It was calculated us- 
ing the center of symmetric vertical disk profiles. 

— The complete vertical fit, zo(R), for all galaxies in the 
sample was performed for each individual luminosity 
profile f(z) oc exp, sech, sech 2 . The two quantitative 
best disk models, listed in column (3) of Table||, were 
selected using the goodness-of-fit parameter Q of the 
least-square test, which is given in TableH, column (9). 

The software used for the fit was designed primarily 
to characterize the vertical disk structure of a large num- 
ber of galaxies in a statistically systematical and homo- 
geneous way. Therefore we decided to use mean values 
and standard deviations as output parameters for quanti- 
fying the properties of the disks. This makes the applied 
method very robust against "outliers" . The obtained re- 
sults (Tables gj- [J) are thus statistically more reliable than 
measurements emphasizing individual amplitudes of ver- 
tical disk perturbations. 

The first part of the paper provides a small sample 
of spiral galaxies that were found to be "prototypes" for 
particular disk features. They were included in order to 
illustrate the behaviour of the scale height. A summary of 
all measured disk parameters is given in Table^. The ap- 
pendix shows the behaviour of disk scale height and mean 
galactic plane for the complete sample of 108 objects. The 
variations of disk thickness (upper panels) and galactic 
plane (lower panels) are drawn to the same scale. The 
sample of interacting/merging galaxies is shown in Ap- 
pendix A, and Appendix B contains the non-interacting 
galaxies. The corresponding catalog of contour maps can 
be found in Figs. 4 and 5 of SDI, respectively. 



3. Results 
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Fig. 1. Gradients (2o) gra d of disk scale height (taken from TableW, column (5)) versus morphological galaxy type. Shown are (a) 
the sample of non-interacting galaxies, (b) both samples of non-interacting and interacting/merging galaxies. 



3.1. The radial behaviour of the disk scale height 

The behaviour of the disk scale height as a function of 
galactocentric distance, Zo(R), is studied for the total 
galaxy sample. A short description of the applied fit- 
ting procedure and their output parameters was given in 
Sect. 2. The complete set of parameters obtained from an 
analysis of the vertical disk structure is listed in Table |[ 

In order to derive reliable fit parameters it is impor- 
tant to use similar regions for both the radial and vertical 
fit, independent of the subsample investigated. As shown 
in Tablejl], the radial and vertical fit regions used for the 
two galaxy samples are typically between 0.76 — 2.77 disk 
scale lengths and 0.11 — 1.81 scale heights and thus almost 
identical. These regions nearly cover the whole disk out- 
side the bulge-contaminated region (named as "bulge" in 
the plots of the disk scale height). All galaxies in the sam- 
ple are nearly edge-on (Sect. 2), and the vertical profiles 
were fitted out to w 2 scale heights (Table||). As a result 
the influence of dust on the shape of the vertical profiles 
and thus on the measured scale heights is negligible. This 
is confirmed by comparable results obtained after fitting 
w 50% of the sample galaxies in the near-infrared (Table 3 
and Sect. 3.3 in SDII). All images used for this study were 
binned radially by rs 2" in order to increase the S/N ratio. 
In order to retain the full vertical resolution no binning 
was applied in that direction. For the majority of galaxies 
within a distance of lOMpc - 50Mpc this gives a radial 
and vertical spatial resolution between 100 pc - 600 pc and 
10 pc - 50 pc, respectively. This resolution is sufficient to 
detect even small deviations and perturbations in the ver- 
tical disk structure. 



3.1.1. The mean value of the disk scale height 

The mean value (zo)mcan of the disk scale height and its 
error (zo) s td, measured for all galaxies of the two subsam- 
ples, are listed in columns (4) and (6) of Table||, respec- 
tively. Since many disks show medium or even large gra- 
dients in the scale height (i.e. their scale height increases 
significantly with radial distance, see next section) the ob- 
tained errors for the total sample are spread in a wide 
range around an average value of (^o)std ~ 12% (Table|], 
column (2)). Within this error the measured scale heights 
(zo)mean are consistent with those obtained using an inde- 
pendent, semi- automated fitting procedure (described in 
Sect. 4 of SDI, values listed in Fig. 5 and Table 5 of SDII). 
Both methods also independently deliver the same differ- 
ence between the mean scale height of both subsamples, 
which was interpreted as tidally-triggered vertical heating 
in SDII. As a result, disks of interacting/merging galax- 
ies were found systematically rs 50% thicker than those of 
non-interacting galaxies. A detailed discussion of the re- 
sults and the derived conclusions can be found in SDI+II. 

3.1.2. The increase of scale height (gradients) 

The behaviour of the scale height over the whole radial 
extent of the disk, i.e. its gradient (zo)grad, is listed in 
column (5) of TableH. In the following we will use the term 
"gradient" independently whether there is an observed in- 
crease or decrease of the scale height (zograd ¥" 0) or riot 
(-Zograd = 0)- In Fig- 1 the measured gradients are plot- 
ted against the morphological type of the galaxies (both 
subsamples are shown) . Although the correlation is weak, 
Fig. la indicates that the scale height of non-interacting, 
early-type (T < 2) galaxies increases towards the outer 
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parts of the disk. While the obtained values are relatively 
large (zo gr ad > 0.04) almost no gradients were found for 
non- interacting galaxies with T > 3. 

In order to illustrate the different radial behaviour of 
disk scale heights Fig. 2 shows, as an example, the re- 
sults of vertical fits obtained for 4 galaxies of the non- 
interacting sample with morphological types ranging from 
— 1.0 < T < 7.0. The used disk parameters as well as 
the corresponding scale height gradients, (.zo)grad, are indi- 
cated. The reason for the relatively weak correlation with 
type is the high intrinsic scatter. This scatter is due to a 
number of disks that show considerably low or high gra- 
dients compared to the mean level for galaxies with about 
the same morphological type. 

Although many of the interacting/merging spirals in 
our sample possess considerable gradients (Fig. lb) no sys- 
tematic correlation between these gradients and morpho- 
logical type was found. The size and substructure of scale 
height gradients within the sample of interacting/merging 
galaxies will be investigated in greater detail in the next 
section, together with an analysis of accompanying envi- 
ronmental effects like disk "warping" and "flaring" . 



Table 2. Size of vertical disk perturbations and warps. 
Columns: (1) Galaxy sample used for the statistics: to- 
tal= all; non-int. = non-interacting; int./merg.= interact- 
ing/merging; (2) and (3) Scale of vertical disk perturba- 
tions, i.e. (2) sum of (large+short) and (3) short-scale per- 
turbations only, given in percent of mean disk scale height 
(zo)mean and in pc (average values, derived from (zrj)std 
and (z )stdi in Table |], resp.); (4) Disk warping, given 
in percent of (zo) mea ,n and in pc (average values, derived 
from column (8) in TableQ). 



Sample 



(1) 



Scale of vertical perturbation 
large + short short-scale 



n 



[PC\ 



(2) 



[%] [pc] 
(3) 



Disk 
Warping 

(4) 



total 


12 


210 


6 


100 


14 220 


non-int. 


10 


140 


6 


80 


11 140 


int./merg. a ' 


14 (22) 


280 


6(9) 


130 


17 (26) 340 



a ' Values in parenthesis are normalized to the disk thick- 
ness of non-int. galaxies, i.e. corrected by a factor of 1.5. 



3.1.3. Tidally-triggered vertical disk perturbations 

In this section we investigate the typical size of tidally in- 
duced vertical perturbations in the disk and compare them 
with values found for non-interacting galaxies. In order 
to quantify the perturbations both subsamples of non- 
interacting and interacting/merging galaxies were com- 
pared using the disk parameters (zo)std and (zo)stdi- The 
approach was described in Sect. 2. Due to their importance 
for the forthcomming analysis of the vertical disk struc- 
ture in the following we give a brief interpretation of these 
parameters (listed in columns (6) and (7) of TableH) . 

The standard deviation (^o)std of the mean scale height 
characterizes the sum of all those vertical variations that 
are due to both perturbations on short (w z ) scales (e.g. 
"flaring" ) and a possibly systematical trend (scale height 
gradients). By contrast, the standard deviation (^o)stdi °f 
the first-order fit of the scale height considers a large-scale 
gradient and only gives an estimate of vertical disk per- 
turbations on short scales. The values (zo)std and (zo)stdi 
are listed in columns (2) and (3) of Table|2|, respectively 
(averaged for the total galaxy sample and for both sub- 
samples). 

According to Table|2| the obtained results can be sum- 
marized as follows: the typical size of vertical disk pertur- 
bations in interacting/merging galaxies - including both 
gradients on large scales as well as perturbations on short 
scales - is « 14% of the mean scale height. The corre- 
sponding value found for non- interacting spirals is fw 10%. 
In order to compare both values it must be considered that 
disks of interacting/merging galaxies were found to be sys- 
tematically thicker by « 50% — 60% on average (Sect. 3 of 
SDII and previous section of this paper). Applying this 



correction the relative size of vertical disk perturbations 
in interacting/merging and non-interacting galaxies is of 
the order of 22% and 10%, respectively (normalized to the 
scale height of non- interacting galaxies). This factor of two 
is confirmed by the absolute size of 280 pc and 140 pc mea- 
sured for the perturbations (Table||, column (2)). 

The size of disk perturbations on short scales is, al- 
though statistically significant, considerably smaller and 
typically of the order of 130 pc and 80 pc for the sam- 
ple of interacting/merging and non-interacting galaxies, 
respectively. This fact is likely due to a combination of 
two different properties of such perturbations on short 
scales, namely their transient character and a systemat- 
ically smaller amplitude of the induced distortions itself. 
As a result of the first of these effects the amplitude of 
the perturbations, and thus the velocity dispersion of disk 
stars within this region, would subside. Since the size of 
the affected region («kpc) is small compared to the radial 
extend of the disk the vertical motion excess could be ab- 
sorbed by neighbouring disk stars. This would contribute 
to an overall increase of vertical velocity dispersion and 
thus to a larger value for the scale height (SDII). However, 
the existing measurements (Tablepl columns (2) and (3)) 
do not allow us to disentangle the individual effects nor 
to draw conclusions about their significance. We therefore 
infer that tidally-triggered, vertical disk asymmetries on 
large (« i? m ax) scales are a common and persistent phe- 
nomenon, while perturbations on small (« zq) scales are 
systematically smaller and decline on shorter timescales. 
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NGC 471 (b) (R) : i=87, Rmax=79.75, h=1 6.68, zo=1 1 .92 arcsec, M=exp 
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NGC 7518 (R) : i=87, Rmax=55.1, h=13.05, zo=9.888 arcsec, M=exp 
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Fig. 2. Examples of non- interacting galaxies with morphological types between —1 < T < 6 showing different levels of variation 
in their scale height (corresponding lower panels). The galaxies, their type and the measured scale height gradients are: 
NGC 4710, T = -1.0, (zo)grad = 0.06 ± 0.009 and NGC 7518, T = 1.0, (z ) g rad = 0.149 ± 0.008. 
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NGC3390 (r) : i=89, Rmax=113.1, h=23.4, zo=1 1.14 arcsec, M=exp 
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UGC 7170 (R) : i=90, Rmax=54.1, h=16.42, zo=3.858 arcsec, Lo=3.634, lo=475.8, M=2 
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Fig. 2. (continued) NGC 3390, T = 3.0, (z ) g rad = 0.03 ± 0.009 and UGC 7170, T = 6.0, (z ) gr ad = ± 0.003. 
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Fig. 3. Two examples of galaxies seen during a phase of an ongoing minor merger. The small companion and/or material of 
debris are still visible. The corresponding lower panels show variations of the scale height over the whole radial extent of the 
disk: a large scale height gradient for AM 1158-345 (above) and variations on short scales for AM 0256-321 (below). 
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Fig. 4. Two examples of late-type (T = 5 and 6) edge-on spirals possessing a considerable increase of scale height with radial 
distance and hence large scale height gradients (between 0.12 and 0.23). The outer parts of their disks show "fringed" isophotes. 
Both galaxies are members of compact groups and have been affected by tidal interactions in the past. 
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3.1.4. Properties of tidally distorted disks 

In addition to the statistical differences found between 
both galaxy samples we also studied the properties of 
vertical, tidally-triggered disk perturbations in individ- 
ual galaxies. This also allows a better illustration of some 
of the previously obtained results. We therefore selected 
4 galaxies in different stages of the interacting/nrerging 
process that clearly display some of the above mentioned 
properties of galactic disks. The upper panels of Figs. 3 
and 4 show these galaxies together with the adopted disk 
parameters. The corresponding lower panels display the 
radial behaviour of their scale height. 

Figure 3 shows two galaxies in a transient phase of the 
merging process, accreting a low-mass satellite. While the 
small companion and its tidal debris are still clearly visible 
(left part of the disk in both images) the measured radial 
behaviour of scale height shows significant variations on 
short scales. The amplitude of these variations is rs 1.5 
times the mean scale height of the corresponding object. In 
the case of AM 1158-345 the lower panel clearly shows that 
the scale height increases substantially towards the outer 
parts of the disk while showing significant perturbations 
on small scales at the same time. The first of these two 
effects is responsible for the large scale height gradient of 
the order of (zo) gra d ~ 0.05 (depending on the vertical 
disk model used for the fit; for comparison see Fig. 1). It 
also causes the large deviation of » 25% — 30% of (zo)mean 
that was found for the scale height of this disk. The disk 
of AM 0256-321 shows perturbations on short scales with 
large amplitudes of the order of 10%. There is no evidence 
of a significant gradient of the scale height. This behaviour 
was found to be typical for those galaxy disks observed in 
a transition phase of a still ongoing interacting/merging 
process. 

Figure 4 shows two examples of late- type (T = 5,6) 
edge-on spirals that are, suggested by their location in 
comp act g roups of galaxies (Verdes-Montenegro et al. 
1998] ; Zepf 1993 ) and by the typical features detected in 



their isophotes, in a more progressed phase of the inter- 
action/merging process. Although there is evidence that 
these galaxies were strongly affected by such events in 
the recent past it is not clear whether their disk prop- 
erties do result from accreting a small companion or from 
tidal interactions without a merger. However, the be- 
haviour of the scale height of these disks is characteris- 
tic for many galaxies in the interacting/merging sample: 
they show substantial scale height gradients between 0.1 
and 0.25, caused by a 1.5 — 2.5 times larger scale height 
in a region between 0.5 and 4 disk scale lengths (exceed- 
ing slightly the upper limit of the fit region used in the 
right part of the NGC 3187-panel). Furthermore, the outer 
isophotes of NGC 3187 and NGC 4634 both show signif- 
icantly "fringed" disks. The deviations (zo)std from their 
mean scale heights were found to be between 22% and 
26%. Considering their morphological types (T = 5 — 6) 



and the derived ratio between radial and vertical scale pa- 
rameters (1 < H/zq < 2) their disks are « 4 times thicker 
than those of typical non-interacting galaxies of the same 
type (Figs. 6 and 7 in SDH). 

Despite the described variety of the radial behaviour 
of the disk scale height within the sample of interact- 
ing/merging galaxies the obtained measurements suggest 
that perturbations on large scales (i.e. gradients) are 
a widely common feature, while perturbations on small 
scales seem to be typical only during an ongoing phase 
of accretion or interaction (Tableg, columns (2) and (3)). 
Furthermore, our data indicate that galaxy disks possess- 
ing a considerable scale height gradient do also show a 
smoother trend of the measured scale height with radial 
distance, i.e. a smaller level of short-scale perturbations. 
The detection of features like scale height gradients and 
perturbations on both short and large scales as described 
in this section is consistent with results of N-body simula- 
tions analyzing the stability of galaxy disks as a result of 



minor mergers (Toth & Ostriker 1992; Mihos et al. 1995) 
and with studies of the stability of galactic disks in general 



(Griv & Peter 1996c) 



3.2. Size, type, and frequency of stellar warps 

The majority of galaxies in our interacting/merging sam- 
ple as well as some of the non-interacting galaxies show 
substantial geometrical distortions. Apart from vertical 
perturbations studied in the previous section the most 
frequently observed kind of distortions are variations of 
the geometrical center of vertical disk profiles around a 
mean galactic plane, i.e. "warps" . In the following we in- 
vestigate their relative and absolute sizes, their types and 
the frequency of occurrence for both galaxy samples. The 
method used for quantifying warped disks was described 
in Sect. 2. 

Due to the sensitivity of the applied fitting procedure 
we are able to detect vertical deviations from the mean 
galactic plane of the order of 10 pc - 50 pc, depending on 
the distance of galaxies (Sect. 3.1). In order to evaluate the 
influence of dust extinction, misaligned warps, and the ap- 
pearance of spiral structures on the detection of warps we 
refer to a series of studies performed by Reshetnikov & 
Combes ( |l998a| , |l998b ), in which these effects were statis- 
tically studied in great detail. According to their results, 
in particular the simulations presented in section 4 and 
Fig. 10 (same section) of the first paper, the probability of 
false detections of iS-shaped warps is around 30% for disks 
with inclinations i « 85°, and drops to 0% for i ss 90°. 
The simulations were performed for 405 flat model galax- 
ies with a B/D = 0.3 — 0.5, axis ratios a/b > 7 (average 
a/b rs 9.1), and with a nice contrasted spiral structure (the 
latter two properties both overestimate the simulated pro- 
jection effects with respect to the sample studied in this 
paper) . According to Fig. 10 in Reshetnikov & Combes 
( 1998a ) we therefore estimate that the percentage of false 
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Disk warping [kpc] 

Fig. 5. The size of warps in galactic disks (average val- 
ues), shown for the sample of non-interacting and interact- 
ing/merging galaxies. 



Table 3. Types and frequency of optical stellar warps. 
Columns: (1) Galaxy sample used for the statistics: to- 
tal= all; non-int.= non-interacting; int./merg.= interact- 
ing/merging; (2) Fraction of galaxies (in percent of the 
investigated sample) with warped disks, for explanation 
of types see Sect. 3.2. 



Sample 



Frequency of warp type [%] 



U-shaped 81 - 1 S-shaped^ One-side Irr None 

(1) (2) 



total 


19 


24 


20 


3 


34 


non-int. 


8 


19 


16 


2 


55 


int./merg. 


33 


31 


25 


4 


7 



Types according to Reshetnikov & Combes (1998a) 



S (!7)-shaped warps due to projection effects is smaller 
than 10% (5%) for our highly inclined (85% > 88° and 
15% > 85°) galaxy sample. This statistical uncertainty 
is smaller than the error introduced by the applied visual 
classification of warp types (« 10% — 15%) and does there- 
fore not affect the results and conclusions of this study 
(Table|). 

One of the most unexpected results derived from 
the standard deviation around the mean galactic plane 
(named as "Warping" in column (8) of Tablet!) was that 
all galaxy disks investigated are warped on some level. 
However, clear differences in the size of warps between 
both subsamples can be seen (Fig. 5 and Tableg) . Figure 5 
shows the distribution of absolute sizes of warps for both 



subsamples of non-interacting and interacting/merging 
galaxies. Most of the non-interacting galaxies possess 
disks with warps that have amplitudes around 140 pc 
on average, corresponding to w 11% of the mean scale 
height of these disks. In contrast the majority of inter- 
acting/merging galaxies shows considerably warped disks 
with amplitudes up to « lkpc, and with an average 
size of 340pc. This value corresponds to « 17% of their 
mean scale height and « 26% of the scale height of non- 
interacting galaxies (column (4) in Table||) . 

In addition to the size of warps their different types 
and their frequency of occurrence were investigated. In or- 
der to classify the types we visually inspected the results 
of the above described vertical fitting procedure, i.e. the 
behaviour of vertical variations around the mean galactic 
plane along the major axis of the disk (shown in the cor- 
responding lower panels of Fig. 6) . For our classification 
we distinguished four different types of warps (the plots 
in Fig. 6 show a typical example for each of these types): 
{/-shaped warp, i.e. both sides of the disk are warped in 
the same direction; S-shaped warp with an integral sign- 
shaped disk plane; One — side warp, i.e. deformations are 
visible only at one side of the disk; Irr for irregular warp, 
i.e. completely asymmetric. While the types S and U were 
described in detail by Reshetnikov & Combes (1998b), 
it was necessary to introduce One-sided and Irr-shaped 
warps to enable an adequate description of the observed 
variety of warped distortions. 

The results of this study are summarized in Table || 
distinguishing between the total, non-interacting, and in- 
teracting/merging galaxy sample. Accordingly, nearly all 
(w 93%) of the interacting/merging spirals are warped. 
One third of them shows either U- or S'-shaped warps, and 
nearly another third is warped only at one side. The fre- 
quency of warped disks in isolated, non-interacting galax- 
ies is with ss 45% unexpectedly high. These galaxies either 
have S'-shaped (w 19%) or One-side (ss 16%) warps, and 
only 8% of their disks are [/-shaped. A correlation be- 
tween size or type of the warps and morphological type of 
galaxies was not found. 

Finally, it should be stressed that the « 34% of galax- 
ies in the total sample classified as "not warped" are not 
in contradiction to the previously made conclusion that 
all galaxy disks investigated are warped (column (4) in 
TableH). This is due to the larger tolerances used in the 
visual inspection of deviations from galactic plane. The 
results of the classification scheme in Table p] are therefore 
qualitative and less sensitive than the measurements listed 
in column (4) of TableH. 

4. Discussion 

The correlation between disk scale height gradients and 
morphological type of non-interacting galaxies found in 
this study (gradient -0.006 ± 0.002 in i?-band, Sect. 3.1 
and Fig.l) is consistent with results obtained by de Grijs 
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Fig. 6. Examples of different types of warps, shown together with the corresponding variations around the mean galactic plane: 
[/-shaped warp (upper two panels) and S'-shaped warp (lower two panels). 
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AM 0122-380 (R) : i=89.5, Rmax=53.57, h=18.85, zo=7.208 arcsec, M=sech 
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Fig. 6. (continued) One — side warp (upper two panels) and Irr warp (lower two panels). 
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Fig. 6. (continued) Galaxy disk without significant warps. 



& Pelletier ( |1997| ). They found a gradient of -0.0086 ± 
0.0012 (/-band) for spiral galaxies with Hubble types be- 
tween — 2 < T < 8. Furthermore, we observe a signifi- 
cant number of galaxies possessing no or very small bulge 
components but having a large scale height gradient (e.g. 
NGC 7518). Therefore we can rule out a correlation be- 
tween the existence of a bulge component and thickened 
disks. This also supports the results obtained in the two- 
dimensional study of bulge-disk decomposition by de Grijs 
& Pelletier ([1997). Investigating galaxies with consider- 
able scale height gradients they find that the contribution 
of the bulge to the total light can be assumed to be neg- 
ligible (less than 5%). We can also discard an influence of 
warps on the measured thickness of disks - as proposed 
by van der Kruit & Searle ( 1981a| ) - since this effect was 
considered in the fitting procedure (Sect. 2). 

A more plausible explanation for an increase of disk 
scale height with radial distance might be either the pres- 
ence of an underlying thick disk with a scale length compa- 
rable or larger than the thin disk (Burstcin |l979 : de Grijs 
et al. 1997; de Grijs & Pelletier |1997 ) or recent accretion 
of material onto the outer disk parts (Toth & Ostriker 



1992; Quinn et al. 1993; Zaritsky 1995). However, our ob- 



servations do not sufficiently support the first of these ex- 
planations, i.e. the presence of a thick disk. The studied 
sample only contains a few galaxies with vertical disk pro- 
files weakly indicating the existence of an underlying thick 



disk. Hence, accretion of small satellites continues to be 
a promising mechanism in order to explain the origin of 
gradients in disk scale height. 

The size and frequency of tidally-triggered vertical disk 
perturbations found in this study (Sect. 3 and Table|2j) 
both indicate that such perturbations are typical dur- 
ing a transient phase of close interactions or minor merg- 
ers. They likely result from large-scale asymmetries of the 
gravitational potential, caused by t he pr oximity of the 
companion (Reshetnikov & Combes 1997 ). According to 
results o f N-b ody simulation s of m inor mergers (Toth & 
Ostriker 1992 Walker et al. 1996 ) the vertical structure 
of affected disks is mainly characterized by a systemati- 
cal increase of the scale height towards the outer regions 
( "slanting" disks) as well as by local instabilities and disk 
"flaring" . Our observations (Figs. 3 and 4) confirm the 
qualitative predictions of these studies, and the derived 
statistical results (TableH) give a quantitative estimate 
for the size of tidally-triggered perturbations. 



The simulations made by Toth & Ostriker (1992) and 
Walker et al. (1996) also make some predictions on the life- 
time of the evoked perturbations. They conclude that after 
the encounter the tidally induced perturbations do rapidly 
decline and the vertically heated disk settles into a new, 
nearly axisymmetric equilibrium which is stable on longer 
timescales (> lGyr). This is consistent with the results of 
this study (columns (2) and (3) in Tableg and Sect. 3), 
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indicating that tidally-triggered perturbations on large 
(« -R max ) scales, i.e. gradients in the disk scale height, are 
common and persistent phenomena if compared to short- 
lived perturbations on small (« Zq) scales. Together with 
the value of « 1.5 found for vertical disk thickening due 
to interactions and minor mergers (SDI+II) this is one of 
the main conclusions of this paper. 

Summarizing the results obtained on the size and fre- 
quency of stellar warps the high fraction (w 45%) of non- 
interacting galaxies possessing warped distortions is in 
good agreement with the results of Sanchez-Saavedra et al. 
( |1990D and Reshetnikov & Combes Ql998b| , Table 1). They 
found that the fraction of isolated galaxies with warped 
disks is at least 50% and (42 ± 6)%, respectively. Assum- 
ing a hierarchical galaxy formation scenario it is unreal- 
istic to explain this high fraction of warped disks entirely 
as a result of tidal interactions in the distant past. Hence 
we have to consider alternative processes that are able to 
form new or reinforce existent warps. Possible mechanisms 
were mentioned in the introduction of this paper. On the 
other hand, the measured differences in their size - warps 
of interacting/merging galaxies were found to be at least 
two times larger than those of non-interacting galaxies on 
average - indicate that such processes are not capable to 
produce warps of comparable size. Hence tidal interac- 
tions/minor mergers as studied in this paper do at least 
considerably contribute to the formation and size of warps. 
According to the results found for our total galaxy sample, 
the fraction of warped spirals (« 66%) is also consistent 
with a study of stellar warps made by de Grijs (1997), who 
detected warped disks for w 64% of his objects. 

5. Summary and conclusions 

A detailed study of the vertical disk structure of 108 
highly-inclined/edge-on spiral galaxies was presented. The 
sample consists of two subsamples of 61 non-interacting 
and 47 interacting/merging galaxies. In particular, we 
analyzed the behaviour of the scale height of all disks 
as a function of galactocentric distance and investigated 
the properties of vertical, tidally-triggered disk perturba- 
tions. Furthermore, the size and frequency of occurrence of 
warped distortions and bends in galactic disks were stud- 
ied. The main conlusions are: 

1. The scale height of disks of interacting/merging galax- 
ies is characterized by perturbations on both large 
(~ i?max) and short (~ zq) scales. The size of these 
perturbations are of the order of 280 pc and 130 pc, or 
14% and 6% of the corresponding mean scale height, 
respectively. 

2. The scale height of non-interacting galaxies shows sim- 
ilar variations on large (short) scales, with amplitudes 
of the order of 140 pc (80 pc). This is only about half 
the size of the perturbations measured for interact- 
ing/merging galaxies, and equivalent to 10% and 6% 



(6% and 4% if corrected for thickened disks) of the 
corresponding mean scale height, respectively. 

3. A hallmark of nearly all disks in the interact- 
ing/merging sample is a scale height that increases sys- 
tematically with radial distance (gradient) . The size of 
these gradients is typically 14% (22% if corrected for 
thickened disks) of the mean scale height. This is more 
than twice the value found for non-interacting galaxies. 

4. This indicates that tidally-triggered, large-scale disk 
asymmetries such as scale height gradients are com- 
mon and persistent phenomena, while local distur- 
bances and bending instabilities decline on shorter 
timescales. 

5. The existence of large scale height gradients for non- 
interacting, early-type (T < 2) spirals, weakly depen- 
dent on Hubble type, is not associated with the pres- 
ence of an underlying thick disk. Since many interact- 
ing/merging galaxies show the same large gradients, 
this effect might be due to previous accretion of mate- 
rial or a minor merger. 

6. Nearly all (93%) of the interacting/merging and 45% 
of the non-interacting galaxies investigated are notice- 
ably warped. Down to small amplitudes (< 80pc) all 
galaxy disks possess warped distortions. 

7. Warps of interacting/merging galaxies are w 2.5 
times larger on average than those observed in non- 
interacting galaxies, with a mean amplitude of 340 pc 
and 140 pc, respectively. 

8. The results indicate that tidal interactions/minor 
mergers considerably contribute to the formation and 
size of warps. However, these processess cannot en- 
tirely explain the observed frequent occurrence of 
warped disks. 
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Table 4. Parameters obtained by an analysis of the vertical disk structure (based on i?-band data of SDI+II, Tables 4 
and 5). 

Columns: (1) Serial number; (2) Galaxy name; (3) Best-fitting / Alternative vertical disk model: 1 = exp, 2 = scch, 3 = 
sech 2 ; (4) Mean value of disk scale height zo; (5) Gradient of the first-order scale height fit (average from both disk 
sides), and its error; (6) - (8): Standard deviation (in pc and in percent of its mean value (2o)mean) °f- (6) •■• mean 
disk scale height; (7) ... first-order scale height fit; (8) ... average galactic plane, i.e. disk warping; (9) Goodness-of-fit 
parameter, defined as the difference between observations and fit (for a detailed explanation of fit parameters see 
Sect. 2). 



No. 


Galaxy 


Vertical Fit 


["] 


mean 

[kpc] 


(* 


)/grad 


(zo 


)std 


[PC] 


stdl 
[%] 


Warping 


Q 




Best 


Alt. 


[io-' ! ] 




[PC] 


[%] 


[PC] 


[%] 




(1) 


(2) 


(3) 


(4) 




(5) 




(6) 


(7) 


(8) 


(9) 


Interacting / Merging 


1 


NGC 7 


3 


2 


8.4 


0.81 


55 


± 


5 


76 


9.5 


35 


4.3 


117 


14.4 


1.23 


2 


UGC 260 


2 


- 


10.0 


1.54 


-9 


± 


2 


70 


4.5 


60 


3.9 


145 


9.4 


3.32 


3 


NGC 128 


2 


1 


11.5 


3.34 


15 


± 


4 


690 


20.7 


62 


1.9 


568 


17.0 


2.92 


4 


AM 0107-375 


2 


- 


3.1 


— 


75 


± 


11 


— 


22.1 


— 


6.4 


— 


13.2 


1.14 


5 


ESO 296-G17 


2 


- 


6.9 


2.80 


55 


± 


5 


242 


8.6 


116 


4.1 


209 


7.5 


3.26 


6 


ESO 354-G05 


2 


- 


3.1 


— 


38 


± 


7 


— 


10.4 


— 


5.7 


— 


10.4 


1.46 


7 


ESO 245-G10 


2 


- 


8.3 


3.20 


46 


± 


4 


267 


8.3 


89 


2.8 


317 


9.9 


6.45 


8 


ESO 417-G08 


2 


- 


8.5 


2.80 


-27 


± 


4 


302 


10.8 


218 


7.8 


377 


13.5 


1.79 


9 


ESO 199-G12 


2 


- 


4.0 


1.87 


20 


± 


6 


230 


12.3 


117 


6.3 


373 


19.9 


2.76 


10 


ESO 357-G16 


2 


- 


5.7 


0.50 


28 


± 


5 


40 


8.0 


23 


4.6 


50 


9.9 


1.71 


11 


ESO 357-G26 


1 


- 


19.0 


1.69 


103 


± 


6 


229 


13.6 


61 


3.6 


160 


9.5 


4.89 


12 


ESO 418-G15 


2 


- 


10.2 


0.68 


10 


± 


3 


36 


5.3 


12 


1.8 


131 


19.3 


3.85 


13 


NGC 1531/32 


1 


2 


64.4 


4.99 


93 


± 


14 


930 


18.6 


674 


13.5 


791 


15.9 


6.91 


14 


ESO 202-G04 


2 


- 


8.0 


0.57 


114 


± 


5 


66 


11.6 


21 


3.7 


51 


9.0 


1.92 


15 


ESO 362-G11 


1 


- 


10.7 


0.99 


49 


± 


14 


156 


15.8 


74 


7.5 


115 


11.6 


1.61 


16 


NGC 1888 


2 


- 


13.6 


2.10 


88 


± 


8 


453 


21.6 


148 


7.0 


585 


27.8 


9.60 


17 


ESO 363-G07 


1 


- 


12.1 


1.10 


52 


± 


3 


128 


11.6 


37 


3.4 


65 


5.9 


2.31 


18 


ESO 487-G35 


3 


2 


8.6 


0.98 


38 


± 


10 


152 


15.5 


92 


9.4 


182 


18.6 


4.68 


19 


NGC 2188 


1 


- 


21.1 


1.18 


52 


± 


10 


131 


11.1 


82 


6.9 


244 


20.7 


5.89 


20 


UGC 3697 


2 


- 


3.3 


0.69 


4 


± 


3 


77 


11.2 


22 


3.2 


215 


31.1 


1.81 


21 


ESO 060-G24 


2 


- 


9.0 


2.51 


113 


± 


15 


500 


19.9 


236 


9.4 


8 


0.3 


2.52 


22 


ESO 497-G14 


2 


- 


6.8 


1.50 


54 


± 


11 


166 


11.1 


89 


5.9 


134 


8.9 


2.54 


23 


NGC 3044 


1 


- 


11.3 


1.17 


13 


± 


14 


183 


15.6 


110 


9.4 


243 


20.7 


4.83 


24 


NGC 3187 


3 


1 


23.5 


2.85 


227 


± 


11 


727 


25.5 


223 


7.8 


561 


19.7 


3.30 


25 


ESO 317-G29 


1 


2 


18.9 


3.16 


-3 


± 


34 


232 


7.3 


121 


3.8 


83 


2.6 


2.73 


26 


ESO 264-G29 


2 


- 


6.0 


1.33 


44 


± 


2 


493 


37.1 


129 


9.7 


780 


58.7 


5.29 


27 


NGC 3432 


1 


- 


17.6 


0.90 


23 


± 


7 


125 


13.9 


43 


4.8 


324 


36.0 


2.67 


28 


NGC 3628 


2 


- 


55.8 


1.30 


59 


± 


5 


105 


8.1 


47 


3.6 


157 


12.1 


8.00 


29 


ESO 378-G13 


2 


- 


4.7 


— 


72 


± 


16 


— 


13.2 


— 


7.9 


— 


19.3 


0.82 


30 


ESO 379-G20 


3 


2 


3.0 


2.82 


33 


± 


9 


726 


25.7 


197 


7.0 


1479 


52.5 


6.30 


31 


NGC 4183 


2 


- 


8.1 


0.69 


70 


± 


20 


66 


9.6 


46 


6.7 


74 


10.8 


6.47 


32 


NGC 4631 


1 


- 


34.1 


1.32 


31 


± 


22 


299 


22.7 


130 


9.8 


178 


13.5 


6.95 


33 


NGC 4634 


1 


- 


11.4 


0.88 


116 


± 


5 


190 


21.6 


55 


6.3 


98 


11.2 


1.18 


34 


NGC 4747 


1 


- 


16.1 


1.75 


101 


± 


1 


232 


13.3 


62 


3.5 


254 


14.5 


1.59 


35 


NGC 4762 


3 


2 


28.1 


1.59 


46 


± 


38 


364 


22.9 


299 


18.8 


311 


19.5 


4.10 


36 


ESO 443-G21 


2 


- 


5.1 


0.95 


2 


± 


4 


103 


10.8 


101 


10.6 


83 


8.8 


2.43 


37 


NGC 5126 


2 


- 


6.7 


2.09 


-9 


± 


7 


183 


8.8 


155 


7.4 


125 


6.0 


0.90 


38 


ESO 324-G23 


2 


1 


14.3 


1.85 


91 


± 


8 


372 


20.1 


97 


5.2 


550 


29.7 


6.49 


39 


ESO 383-G05 


1 


- 


15.4 


3.73 


-45 


± 


2 


518 


13.9 


191 


5.1 


383 


10.3 


2.40 


40 


NGC 5297 


3 


2 


9.0 


1.65 


34 


± 


8 


103 


6.2 


67 


4.1 


212 


12.9 


2.13 


41 


ESO 445-G63 


2 


- 


7.6 


— 


84 


± 


25 


— 


26.6 


— 


9.7 


— 


7.6 


2.02 


42 


NGC 5529 


1 


- 


8.0 


1.43 


51 


± 


3 


227 


15.9 


81 


5.7 


254 


17.7 


3.32 


43 


NGC 5965 


1 


- 


9.1 


2.02 


-1 


± 


6 


203 


10.0 


132 


6.5 


296 


14.6 


1.12 


44 


NGC 6045 


2 


1 


4.5 


2.88 


89 


± 


13 


476 


16.5 


271 


9.4 


1388 


48.2 


0.80 


45 


NGC 6361 


3 


1 


9.7 


2.49 


-9 


± 


2 


117 


4.7 


101 


4.1 


242 


9.7 


2.51 


46 


Arp 121 


2 


- 


7.9 


2.89 


123 


± 


14 


466 


16.1 


197 


6.8 


804 


27.8 


3.99 


47 


IC 4991 


3 


- 


2.5 


0.95 





± 


8 


103 


10.8 


73 


7.7 


182 


19.2 


4.43 
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No. 


Galaxy 


Vertical Fit 


(*>) 

["] 


mean 

[kpc] 


(* 


ijgrac 


i 


(zo 


Jstd 


[PC] 


stdl 
[%] 


Warping 


Q 




Best 


Alt. 


[io- 3 ] 




[PC] 


[%] 


[PC] 


[%] 




(1) 


(2) 


(3) 


(4) 




(5) 




(6) 


(7) 


(8) 


(9) 












Non 


— Interacting 
















1 


UGC 231 


2 


3 


8.6 


0.57 


10 


± 


5 


41 


7.2 


36 


6.3 


31 


5.5 


1.57 


2 


ESO 150-G07 


1 


2 


5.4 


— 


41 


± 


13 


— 


9.5 


— 


3.5 


— 


6.4 


1.26 


3 


ESO 112-G04 a) 


2 


- 


2.1 


— 


-5 


± 


7 


— 


24.2 


— 


18.8 


— 


17.3 


0.99 


4 


ESO 150-G14 a) 


2 


- 


4.9 


2.73 


19 


± 


8 


300 


11.0 


235 


8.6 


357 


13.1 


1.04 


5 


UGC 711 


2 


- 


7.0 


0.92 


22 


± 


7 


116 


12.6 


46 


5.0 


67 


7.3 


1.20 


6 


ESO 244- G48 


1 


- 


6.3 


— 


3 


± 


3 


— 


1.7 


— 


1.3 


— 


3.7 


0.75 


7 


UGC 1839 


2 


- 


8.0 


0.80 


2 


± 


15 


110 


13.8 


95 


11.9 


117 


14.6 


3.00 


8 


NGC 891 


2 


- 


23.8 


1.10 


-8 


± 


9 


79 


7.2 


56 


5.1 


84 


7.6 


2.61 


9 


ESO 416-G25 a) 


3 


2 


4.7 


1.56 


21 


± 


7 


296 


19.0 


135 


8.7 


93 


6.0 


4.71 


10 


UGC 2411 


2 


- 


6.2 


1.13 


5 


± 


20 


455 


40.3 


343 


30.4 


217 


19.2 


1.91 


11 


IC 1877 


2 


3 


2.1 


— 


-9 


± 


5 


— 


11.6 


— 


8.0 


— 


10.7 


4.63 


12 


ESO 201-G22 


2 


- 


4.2 


1.17 


-1 


± 


3 


105 


9.0 


53 


4.5 


120 


10.3 


4.16 


13 


NGC 1886 


2 


- 


5.8 


0.67 


9 


± 


4 


73 


10.9 


18 


2.7 


58 


8.6 


2.99 


14 


UGC 3474 


2 


- 


4.2 


1.03 


-35 


± 


7 


124 


12.0 


50 


4.9 


70 


6.8 


0.74 


15 


NGC 2310 


3 


2 


9.3 


0.83 


26 


± 


4 


77 


9.3 


34 


4.1 


158 


19.0 


3.39 


16 


UGC 4278 


2 


- 


5.8 


0.31 


4 


± 


2 


13 


4.2 


7 


2.3 


102 


32.9 


3.87 


17 


ESO 564-G27 a) 


3 


2 


5.2 


0.83 


-2 


± 


6 


189 


22.8 


118 


14.2 


59 


7.1 


1.92 


18 


UGC 4943 


2 


- 


2.1 


0.34 


12 


± 


5 


36 


10.6 


20 


5.9 


47 


13.8 


1.21 


19 


IC 2469 


1 


- 


16.2 


1.75 


9 


± 


6 


132 


7.5 


118 


6.7 


397 


22.2 


3.40 


20 


UGC 5341 


2 


- 


4.0 


1.87 





± 


4 


188 


10.1 


115 


6.1 


257 


13.7 


1.39 


21 


IC 2531 


3 


2 


10.4 


1.67 


52 


± 


24 


544 


32.6 


469 


28.1 


381 


22.8 


8.61 


22 


NGC 3390 


1 


- 


11.0 


2.02 


29 


± 


9 


285 


14.1 


78 


3.9 


162 


8.0 


5.65 


23 


ESO 319-G26 a) 


3 


- 


2.4 


0.48 


5 


± 


11 


79 


16.5 


60 


12.5 


135 


28.2 


2.09 


24 


NGC 3957 


1 


- 


9.3 


1.33 


30 


± 


8 


132 


9.9 


94 


7.1 


108 


8.1 


4.28 


25 


NGC 4013 


1 


- 


11.7 


0.68 


2 


± 


7 


35 


5.1 


31 


4.6 


34 


5.0 


1.65 


26 


ESO 572-G44 


1 


- 


7.0 


3.03 


47 


± 


3 


221 


7.3 


85 


2.8 


159 


5.3 


0.41 


27 


UGC 7170 


2 


- 


3.0 


0.43 





± 


3 


20 


4.7 


18 


4.2 


42 


9.8 


1.61 


28 


ESO 321-G10 a) 


1 


- 


4.9 


1.00 


6 


± 


3 


49 


4.9 


43 


4.3 


60 


6.0 


1.36 


29 


NGC 4217 


2 


- 


21.7 


1.53 


35 


± 


5 


148 


9.7 


56 


3.7 


145 


9.5 


3.63 


30 


NGC 4244 


2 


- 


22.1 


0.41 


48 


± 


22 


71 


17.3 


50 


12.2 


67 


16.4 


8.16 


31 


UGC 7321 


2 


- 


4.9 


0.38 


-2 


± 


4 


28 


7.4 


24 


6.3 


44 


11.7 


2.72 


32 


NGC 4302 


2 


- 


8.1 


0.62 


39 


± 


3 


52 


8.4 


22 


3.5 


72 


11.6 


0.81 


33 


NGC 4330 


1 


- 


16.6 


1.27 


75 


± 


9 


176 


13.9 


86 


6.8 


110 


8.6 


1.71 


34 


NGC 4565 


1 


- 


10.7 


0.52 


-7 


± 


2 


36 


6.9 


24 


4.6 


53 


10.2 


2.04 


35 


NGC 4710 


1 


2 


11.6 


0.81 


60 


± 


9 


76 


9.4 


42 


5.2 


60 


7.4 


1.38 


36 


NGC 5170 


1 


- 


22.1 


1.69 


-37 


± 


26 


219 


13.0 


121 


7.2 


247 


14.6 


2.39 


37 


ESO 510-G18 


2 


- 


1.0 


— 


14 


± 


1 


— 


11.3 


— 


1.2 


— 


10.4 


0.54 


38 


UGC 9242 


1 


- 


5.7 


0.70 


-12 


± 


11 


173 


24.7 


65 


9.3 


40 


5.7 


1.81 


39 


NGC 5775 


1 


- 


13.5 


1.90 


29 


± 


10 


218 


11.5 


142 


7.5 


87 


4.6 


2.95 


40 


NGC 5907 


2 


- 


18.2 


0.97 


7 


± 


7 


106 


10.9 


60 


6.2 


94 


9.7 


4.74 


41 


NGC 5908 


2 


- 


8.9 


1.92 


-19 


± 


9 


192 


10.0 


156 


8.1 


126 


6.6 


1.39 


42 


ESO 583-G08 


2 


- 


1.7 


0.84 


10 


± 


2 


66 


7.9 


34 


4.0 


117 


14.0 


0.53 


43 


NGC 6181 


2 


- 


5.2 


0.91 


59 


± 


6 


88 


9.7 


36 


4.0 


70 


7.7 


1.53 


44 


ESO 230-G11 


3 


- 


3.8 


1.28 


-6 


± 


5 


96 


7.5 


90 


7.0 


348 


27.2 


1.53 


45 


NGC 6722 a) 


1 


- 


7.9 


2.53 


-16 


± 


9 


186 


7.4 


78 


3.1 


291 


11.5 


2.03 


46 


ESO 461-G06 


1 


- 


3.0 


— 


-27 


± 


13 


— 


11.8 


— 


5.4 


— 


4.8 


1.43 


47 


ESO 339-G16 a) 


2 


- 


4.5 


— 


81 


± 


2 


— 


18.2 


— 


3.3 


— 


6.9 


0.29 


48 


IC 4937 a) 


3 


2 


5.4 


1.66 


-3 


± 


2 


101 


6.1 


79 


4.8 


200 


12.1 


1.04 


49 


ESO 187-G08 


2 


3 


3.3 


1.02 


8 


± 


3 


139 


13.6 


105 


10.3 


182 


17.8 


0.68 


50 


IC 5052 


1 


- 


19.3 


0.75 


38 


± 


10 


117 


15.6 


86 


11.5 


101 


13.5 


1.96 


51 


IC 5096 b) 


1 


- 


6.5 


1.46 
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No. 


Galaxy 


Vertical Fit 


(»>: 


mean 


( 


*0 Jgrad 




(20 


)std 


(*0 


stdl 


Warping 


Q 




Best 


Alt. 


n 


[kpc] 




io- 3 ] 




[PC] 


[%] 


[PC] 


[%] 


[PC] 


[%] 




(1) 


(2) 


(3) 




(4) 




(5) 




(6) 


(7) 


(8) 


(9) 


52 


ESO 466-G01 a) 


1 


_ 


6.8 


3.24 


4 


± 


4 


319 


9.8 


95 


2.9 


333 


10.3 


0.42 


53 


ESO 189-G12 


1 


- 


3.60 


2.03 


19 


± 


12 


270 


11.7 


191 


8.3 


330 


16.2 


1.82 


54 


UGC 11859 a) 


1 


- 


1.5 


0.32 


-IE 


± 


2 


50 


15.6 


29 


9.1 


57 


17.8 


0.45 


55 


ESO 533-G04 


1 


- 


7.6 


1.40 


41 


± 


6 


158 


11.3 


86 


6.1 


146 


10.5 


1.25 


56 


IC 5199 


1 


- 


5.0 


1.72 


2C 


± 


5 


70 


4.1 


62 


3.6 


145 


8.4 


2.44 


57 


UGC 11994 


2 


3 


4.0 


1.37 


16 


± 


2 


116 


8.5 


79 


5.8 


208 


15.2 


1.23 


58 


UGC 12281 


2 


- 


5.7 


1.09 


-IE 


± 


6 


107 


9.8 


54 


5.0 


174 


16.0 


3.83 


59 


UGC 12423 


1 


- 


7.9 


2.69 


28 


± 


16 


796 


29.6 


277 


10.3 


229 


8.5 


1.22 


60 


NGC 7518 


1 


- 


9.6 


2.44 


14S 


± 


8 


472 


19.3 


171 


7.0 


296 


12.1 


3.02 


61 


ESO 604-G06 


2 


- 


3.4 


1.74 


3 


± 


2 


150 


8.6 


138 


7.9 


147 


8.5 


1.08 


a) 


Supplementary data from Barteldrees & 


Dettmar ( 


1994 


)■ 



















b ' No fit was performed. Disk parameters were taken from Table 5 in SDII. 



P EL t> 
CD cd ^ 



optimum zo-8.645 arcsec (+/- 0.796=9.2%; +/- 0.362-4.2%), zo-gradient-0.055 +/- 0.005 



optimum zo-3.7 arcsec (+/- 0.689-18.6%; +/- 0.2-5.4%), zo-gradient-0.075 +/- 0.01 1 
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optimum zo-64.38 arcsec (+/- 11.98-18.6%; +/- 8.683-13.5%), zo-gradient-0.093 +/- 0.014 
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optimum zo-8.281 arcsec (+/- 0.915-11.1%; +/- 0.29-3.5%), zo-gradient-0.114 +/- 0.005 
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optimum zo=8.832 arcsec (+/- 1.328-15%; +/- 0.806-9.1%), zo-gradient=0.038 +/- 0.01 
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deviation from galactic plane Zo as a function of R: Zo=1 10 pixel (+/- 2.339 arcsec) 
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optimum zo=23.61 arcsec (+/- 5.987=25.4%), zo_step=0.234, R/Z-bin=3.12/0.78, chi=1631, M=3 
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optimum zo-1 8.97 arcsec (+/- 1 .386-7.3%; +/- 0.71 2-3.8%), zo-gradient-0.003 +/- 0.034 



optimum zo-67.58 arcsec (+/- 6.567-9.7%; +/- 2.901-4.3%), zo-gradient-0.086 +/- 0.007 
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optimum zo-6.342 arcsec (+/- 2.235-35.2%; +/- 0.584-9.2%), zo-gradient-0.044 +/- 0.02 



-40 -30 



-10 



20 30 



o L 

C J deviation from galactic plane Zo as a function of R: Zo=39.71 pixel (+/- 3.53 arcsec) 

bO . . 



bulge 



-40 -30 -20 -10 10 20 30 

maior axis / arcsec 





8 
|7 

a? 
^5 


optimum zo-5.07 arcsec (h 


/- 0.615 


-12.1%; +/- 0.37-7.3%), zo-gradient-0.072 +/- 0.016 


m 


\ 


bUge 


- 


O 


\. 






^ ,-- 


w 


~~~~— ~^_ .^_— 






r~— ■ — ~~ " 






~j 


| | 


i 


i 


i i i i 



o 



-15 -10 



10 15 20 25 



deviation from galactic plane Zo as a function of R; Zo-37.37 pixel (+/- 0.909 arcsec) 




bulge 



-15 -10 -5 5 10 15 20 25 

maior axis / arcsec 



O 

■a 









^ - 
0C 



optimum zo-17.82 arcsec (+/- 2.458-13.8%; +/- 0.852-4.8%), zo-gradient-0.023 +/- 0.007 
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optimum zo-8.51 3 arcsec (+/- 0.772=9.1%; +/- 0.533-6.3%), zo-gradient--0.001 +/- 0.01 



optimum zo-16.3 arcsec (+/- 2.129-13.1%; +/- 0.575=3.5%), zo-gradient-0.101 +/- 0.004 
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optimum zo-34. 15 arcsec (+/- 7.721=22.6%; +/- 3.357-9.8%), zo-gradient-0.031 +/- 0.022 
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optimum zo=5.427 arcsec (+/- 0.555-10.2%; +/- 0.545=10%), zo-gradient=0.002 +/- 0.004 
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optimum zo-7.01 8 arcsec (+/- 0.589-8.4%; +/- 0.495-7.1%), zo-gradient-0.009 +/- 0.007 



optimum zo-9.307 arcsec (+/- 0.563-6%; +/- 0.367-3.9%), zo-gradient-0.034 +/- 0.008 
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optimum zo-14.44 arcsec (+/- 2.871-19.9%; +/- 0.745-5.2%), zo-gradient-0.091 +/- 0.008 
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optimum zo=8.331 arcsec (+/- 1.231=14.8%; +/- 0.429=5.2%), zo-gradient=0.046 +/- 0.003 




-40 -20 20 40 60 

deviation from galactic plane Zo as a (unction of R: Zo=62.0286 pixel (+/- 1 .408 ; 




-40 -20 20 40 

major axis I arcsec 



80 100 



80 100 









> 

V 
V 

a 
a 



o 

o 
P 

el- 
s' 

p 

-. 



optimum zo-9.425 arcsec (+/- 0.917-9.7%; +/- 0.597-6.3%), zo-gradient-0.001 +/- 0.006 



optimum zo=8.31 2 arcsec (+/- 1.277-15.4%; +/- 0.542-6.5%,), zo-gradient-0.123 +/- 0.014 
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optimum zo-5.1 12 arcsec (+/- 0.734-14.4%; +/- 0.417-8.2%), zo-gradient-0.089 +/- 0.013 
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deviation from galactic plane Zo as a function of R: Zo-32.32 pixel (+/- 2.147 arcsec) 



v 






- 


^_^ 


bu 


je ^~ 










~^^-_ 


I j 


, 


, 


i 



-25 -20 -15 -10 



-5 5 10 15 20 25 

maior axis / arcsec 



deviation from galactic plane Zo as a function of R: Zo-36.03 pixel (+/- 0.47 arcsec) 
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optimum zo-7.507 arcsec (+/- 0.52=6.9%; +/- 0.247-3.3%,), zo-gradient--0.01 +/- 0.005 
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optimum zo=9.264 arcsec (+/- 0.599=6.5%; +/- 0.508=5.5%|, zo-gradienl=0.01 +/- 0.005 
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optimum zo-5.305 arcsec (+/- 0.495-9.3%; +/- 0.335-6.3%), zo-gradient-0.01 9 +/- 0.0 
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